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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  
• Denitrification rate and NO2− accumu-
lation differed depending on the carrier 
type. 
• The biofilm mass on K1 carriers was 4.8 
times higher than that on Z-200 
supports. 
• The same species were present in K and 
Z studies but they differed in 
abundances. 
• The active microbial community varied 
significantly over time in MBBR with Z- 
200. 
• More microorganisms were associated 
with process failure for Z-200 than K1 
biofilms.  
A R T I C L E  I N F O   





Moving-bed biofilm reactor 
A B S T R A C T   
Autotrophic denitrification with biosulfur (ADBIOS) provides a sustainable technological solution for biological 
nitrogen removal from wastewater driven by biogenic S0, derived from biogas desulfurization. In this study, the 
effect of different biofilm carriers (conventional AnoxK™ 1 and Z-200 with a pre-defined maximum biofilm 
thickness) on ADBIOS performance and microbiomics was investigated in duplicate moving bed-biofilm reactors 
(MBBRs). The MBBRs were operated parallelly in continuous mode for 309 days, whilst gradually decreasing the 
hydraulic retention time (HRT) from 72 to 21 h, and biosulfur was either pumped in suspension (days 92–223) or 
supplied in powder form. Highest nitrate removal rates were approximately 225 (±11) mg/L⋅d and 180 (±7) mg 
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NO3− -N/L⋅d in the MBBRs operated with K1 and Z-200 carriers, respectively. Despite having the same protected 
surface area for biofilm development in each MBBR, the biomass attached onto the K1 carrier was 4.8-fold more 
than that on the Z-200 carrier, with part of the biogenic S0 kept in the biofilm. The microbial communities of K1 
and Z-200 biofilms could also be considered similar at cDNA level in terms of abundance (R = 0.953 with p =
0.042). A relatively stable microbial community was formed on K1 carriers, while the active portion of the 
microbial community varied significantly over time in the MBBRs using Z-200 carriers.   
1. Introduction 
The contamination of water resources is of serious environmental 
concern, mainly due to industrialization and the rapidly increasing 
human population. Conventionally, nitrate (NO3− ) pollution of surface 
waters is prevented by biological denitrification of wastewaters medi-
ated by heterotrophic microorganisms using organic compounds as 
electron donors. However, some NO3− -rich wastewaters with low 
organic carbon content, such as those generated from mining, fertilizer 
and textile industries, thus require external sources of carbon to support 
complete denitrification (Sahinkaya et al., 2014). Therefore, for waste-
waters with a low C/N ratio, the application of autotrophic denitrifi-
cation is emerging as an attractive solution due to inherently lower costs 
and higher denitrification efficiency (Huang et al., 2021; Namburath 
et al., 2020; Peng et al., 2021). 
Chemically synthesized elemental sulfur (S0) has been widely used as 
an electron donor for autotrophic denitrification, but its low water sol-
ubility resulted in reduced process rates (Christianson et al., 2015; 
Kostrytsia et al., 2018a;b; Sahinkaya et al., 2014). Alternatvely, biogenic 
S0 (or biosulfur) has been recently proposed for sustainable denitrifi-
cation applications (Kostrytsia et al., 2018c; Ucar et al., 2020; 2021). 
Biosulfur is a by-product of well-established biological gas desulfuriza-
tion technology (Thiopaq®, Paques BV, The Netherlands). Specifically, 
biogenic S0 globules (2–40 μm) are produced as a result of incomplete 
sulfide oxidation by various S-oxidizing microorganisms, and are hy-
drophilic (Janssen et al., 1999; Kamyshny et al., 2009; Kostrytsia et al., 
2018c). Such hydrophobicity makes biogenic S0 particularly reactive 
and bioavailable, and preliminary experiments on autotrophic denitri-
fication with biosulfur (ADBIOS) in batch microcosms showed 10-times 
faster denitrification kinetics (Kostrytsia et al., 2018c) compared to 
those obtained with chemically synthesized S0 (Huiliñir et al., 2020; 
Kostrytsia et al., 2018a). Therefore, further studies on the ADBIOS 
process are of great interest, mainly if aimed at further increasing the 
bioprocess rates in continuous-flow bioreactors. 
Among the main bioreactor configurations used for denitrification 
purposes, attached-growth systems allow the retention of microorgan-
isms in the form of a biofilm, thus reducing the sensitivity of microbes to 
unfavorable environmental conditions and facilitating shorter hydraulic 
retention times (HRTs) (Ødegaard et al., 1994). Moreover, 
immobilized-cell bioreactors allow decoupling of the HRT from the 
sludge retention time (SRT), which can be maintained long enough to 
enable the development and retention of slow-growing microorganisms, 
such as autotrophic denitrifiers (Lemaire et al., 2013). The performance 
of a moving-bed biofilm reactor MBBR, as a biofilm-based system, relies 
on the hydrodynamics within the reactor, biofilm thickness, growth and 
activity of the biofilm (Bassin et al., 2016), which can be affected by the 
type of biofilm carrier. MBBR carriers are designed to have a large 
protected surface area (PSA), which has been characterized as the car-
rier surface area available for biofilm growth in a protected environment 
(Ødegaard et al., 1994; Wang et al., 2021). 
The original and most widely used biofilm carrier AnoxK™ 1 
(formerly known as AnoxKaldnes™ K1) (K1) has been the preferred 
biofilm carrier design to provide a large PSA for the development of 
biofilms in the inner part of the cylindrical-shaped carrier, which is not 
subjected to direct collision with other carriers and thus protected from 
hydraulic shear (Ødegaard et al., 1994). Diffusion, caused by differences 
in substrate and metabolite concentrations, is the main transport 
mechanism for MBBR biofilms (Piculell et al., 2016). However, thick K1 
biofilms are only partially penetrated by substrates and only microor-
ganisms located in outer fractions of the biofilm are usually active (Boltz 
and Daigger, 2010). To control biofilm thickness based on the carrier 
surface area, the novel AnoxK™ Z-carrier with a grid of defined height, 
was designed to allow biofilm growth on the outside of the carrier but in 
a protected environment (Welander and Piculell, 2016). Due to scouring 
from other carriers (abrasion), such biofilms cannot grow higher than 
the grid height, and so biofilm thickness is controlled for better substrate 
diffusion into the biofilm. 
The role of biofilm carrier type in optimization of the ADBIOS pro-
cess and in the development of the associated microbial community, has 
never been investigated. In addition, to the best of our knowledge, 
biogenic S0 has never been tested as a substrate for denitrification in 
continuous-flow MBBRs. Therefore, the present study aims to offer new 
insights and promising perspectives in view of an efficient and robust 
performance of ADBIOS of high-strength NO3− wastewaters. Duplicate 
MBBRs were operated and filled with respectively the classical K1 and 
the recently proposed AnoxK™ Z-200 (Z-200) biofilm carriers. The main 
objectives of this study were to: (i) compare the ADBIOS performance in 
MBBRs operated with the two different biofilm carriers, (ii) study the 
main physico-chemical characteristics of the biofilm on each carrier 
type, (iii) identify the dominant microbial taxa in the biofilm and (iv) 
describe the structure of the active portion of the microbial community. 
2. Materials and methods 
2.1. Experimental set-up 
The experimental set-up consisted of four identical, double-walled, 
glass MBBRs each with a working volume of 1.5 L (Figure S1). Two 
types of biofilm carrier were used: (1) the original and most widely used 
MBBR K1 carrier, shaped as a small cylinder with a cross inside (10 mm 
diameter; 7 mm length); and (2) the recently proposed saddle-shaped Z- 
200 carrier (30 mm diameter; 200 μm grid wall height) (Figure S1). The 
twin reactors, MBBR1 and MBBR2, were 40% filled (Vcarrier/Vreactor) 
with K1 carriers, while the twin MBBR3 and MBBR4 reactors were 20% 
filled (Vcarrier/Vreactor) with Z-200 carriers (Figure S1). The media-filling 
fractions guaranteed the same PSA of 0.3 m2 and good mixing conditions 
in each reactor, as recommended by Piculell et al. (2016). 
The temperature in the MBBRs was maintained at 30 (±2) ◦C by 
means of a heating circulator (F12-ED, Julabo GmbH, Germany). pH, 
dissolved oxygen (DO) and oxidation-reduction potential (ORP) values 
were monitored daily. Each MBBR was placed on a magnetic stirrer (M2- 
A, Argo Lab, Italy), allowing agitation at 300 rpm, i.e. similar to that 
used in a previous study (Kostrytsia et al., 2018c). Peristaltic pumps 
(Minipuls 3, Gilson, USA) were used to feed the synthetic wastewater 
(Section 2.2) to the MBBRs and pump out the effluent. 
2.2. Inoculum and medium 
The MBBRs were inoculated with activated sludge (10% of the entire 
MBBR volume) obtained from the denitrifying tank of a municipal 
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wastewater treatment plant (Cassino, Italy) and having a total solid 
concentration of approximately 4200 mg/L. The microbial composition 
of the inoculum was characterized previously (Kostrytsia et al., 2018a). 
The influent NO3− concentration was 225 mg NO3− -N/L, i.e. similar to 
that used in a previous batch study on ADBIOS to simulate industrial 
wastewater with low C/N ratio (Kostrytsia et al., 2018c). NaHCO3 (2.0 
g/L) was supplied as buffer and a carbon source to each reactor. The 
distilled water basal medium also contained (per liter): 0.4 g NH4Cl, 0.6 
g KH2PO4, 1.6 g K2HPO4 and 0.021 g MgCl2⋅6H2O. A trace elements 
solution was added (10 mL/L) as reported elsewhere (Kostrytsia et al., 
2018c). The feed was maintained at pH 8.5 (±0.3) and at 25 ◦C. 
Biogenic S0 (Fertipaq BV, the Netherlands) with >99% purity (<1% 
cell material) and 11% moisture content (after dewatering with a 
centrifuge and sequential drying on a drying cylinder), originating from 
the Thiopaq process (Paques BV, The Netherlands), was provided at a 
mass S/N ratio of 3.76 (g/g) (i.e. 1.5 times higher than by stoichiometry 
in Eq. (1) (Mora et al., 2015)) to ensure an adequate concentration of 
biogenic S0 for complete NO3− -N removal, as described previously 
(Kostrytsia et al., 2018c). The calculation of the theoretical SO42− pro-
duction was done using the stochiometric reactions for two-step deni-
trification with biosulfur (Eq. (1) and Eq. (2)). 
S0 + 0.876 NO3− + 0.343 H2O + 0.379 HCO3− + 0.023 CO2
+ 0.080 NH+4 →0.080 C5H7O2N + 0.824 H
+ + 0.44 N2 + SO2−4 (Eq. 1)  
S0 + 1.78 NO2− + 0.021 H2O + 0.158 HCO3− + 0.010 CO2
+ 0.034 NH+4 →0.034 C5H7O2N + 0.099 H
+ + 0.888 N2 + SO2−4 (Eq. 2)  
2.3. Experimental design 
2.3.1. Carrier colonization phase: fed-batch MBBR operation 
The four MBBRs were operated parallelly in fed-batch mode to enrich 
the biogenic S0-based denitrifying bacterial cultures and allow the mi-
croorganisms colonize the carriers prior to starting the continuous-flow 
operation. The enrichment was considered ‘stable’ after 6 months when 
the nitrate removal rate varied by less than 5% between subcultures in 
MBBRs. The reactors were filled with the mineral medium and trace 
element solution, and half of the MBBR volume was replaced with a 
fresh feed solution when the NO3− -N concentration approached zero. 
The pH was adjusted to 8.5 by the addition of 5 N NaOH. 
2.3.2. Experimental conditions during continuous-flow MBBR operation 
After the 6-month enrichment phase, the four MBBRs were operated 
in parallel in continuous mode for 309 days to investigate the effects of 
HRT, biofilm carrier type (K1 and Z-200) and biogenic S0 dosage on 
denitrification by ADBIOS (Table 1). For the first 92 days, the biogenic 
S0 was dosed daily, in the form of powder, to the MBBRs and HRTs of 72, 
48, 36 and 24 h were tested. Between days 92 and 206, the four MBBRs 
were operated at HRTs of 36, 30 and 24 h (Table 1), and biogenic S0 was 
continuously supplied as a suspension from a separate feed canister. 
After day 206, the HRT was gradually decreased from 48 to 21 h and 
biogenic S0 was supplied twice a day in the form of powder directly into 
the MBBRs. 
2.4. Sampling and analytical techniques 
Effluent samples were taken every second day from a sampling port 
located before the effluent tank (Figure S1). Anion concentrations 
(NO2− , NO3− , SO32− , SO42− and S2O32− ) were analyzed by ion chro-
matography as reported elsewhere (Kiskira et al., 2017). Elemental S0 
concentrations were measured by reversed-phase chromatography as 
reported by Kostrytsia et al. (2018c) and Kamyshny et al. (2009). The 
sulfide (S2− ) concentration was analyzed spectrophotometrically (Cor-
d-Ruwisch, 1985). The pH, temperature, DO and ORP were measured by 
a pH sensor (HI11312 HALO, Hanna Instruments, USA), DO portable 
meter (ProfiLine Oxi 3205, WTW, Germany) and ORP electrode (Sen-
Tix® ORP, WTW, Germany), respectively. 
The mature biofilm carriers (10 of K1 and 7 of Z-200, respectively) 
were sampled directly from each MBBR (Figure S1) at the end of each 
experimental condition (Table 1), replaced with the new carriers and 
stored at − 80 ◦C prior to analysis. The mass of the biofilms developed 
onto the carrier material, represented as attached TS (g TSattached), was 
quantified as previously described (Piculell et al., 2016). In this study, 
the concentration of mass of the biofilm was expressed as attached 
biomass concentration (g TSattached/L). 
2.5. Microbial community analysis 
2.5.1. DNA and RNA co-extraction, and high-throughput sequencing 
Total genomic DNA and RNA was co-extracted from biofilm (K1 for 
MBBR1 and MBBR2; and Z-200 for MBBR3 and MBBR4) at seven 
different time points (days 0, 63, 77, 144, 206, 223 and 264) according 
to the protocol by Griffiths et al. (2000). The concentrations of extracted 
DNA and RNA were measured spectrophotometrically (UV–Vis spec-
trophotometer, NanoDrop Technologies, Wilmington, USA). DNA and 
RNA were kept at − 20 ◦C and − 80 ◦C, respectively, prior to further 
analyses. 
The RNA extracts were exposed to DNase treatment using a TURBO 
DNase-free™ Kit (Thermo Fisher Scientific, Lithuania) for the removal of 
residual DNA. Bacterial 16S rRNA genes were amplified by polymerase 
chain reaction (PCR) using primers 515F and 806R. To confirm the ef-
ficiency of DNA removal, the PCR products were visualized on 1% 
agarose gel electrophoresis. Subsequently, the synthesis of first-strand 
cDNA was performed using SuperScript™ IV First-Strand Synthesis 
System (Thermo Fisher Scientific, Lithuania). Finally, the quality of the 
cDNA and DNA was confirmed using electrophoresis and PCR. The 16S 
rRNA gene amplicons derived from the DNA and cDNA samples were 
sequenced using an Illumina MiSeq platform (FISABIO, Spain). Raw 
sequence files supporting the results of this article are available in the 
European Nucleotide Archive under the project accession number 
PRJEB45924 with sample information available (Supplementary 
Table S1). 
2.5.2. Bioinformatics and statistical analysis 
Bioinformatics and statistical analysis are described in the supple-
mentary material (Supplementary file 1). 
Table 1 
Experimental continuous-flow conditions of the MBBRs operated at 30 (±2) ◦C for ADBIOS of a synthetic wastewater containing 225 mg NO3− -N/L and biogenic S0 as 
electron donor at an S/N (g/g) ratio of 3.76.  
Time (days) 0–50 50–63 63–77 77–92 92–144 144–166 166–206 206–223 223–247 247–264 264–280 280–309 
HRT (h) 72 48 36 24 36 30 24 48 36 30 24 21 
Nitrogen loading rate (NLR) (mg NO3− - 
N/L⋅d) 
75.0 112.5 150.0 225.0 150.0 180.0 225.0 112.5 150.0 180.0 225.0 257.1 
Sulfur loading rate (SLR) (mg S0/L⋅d) 282.0 423.0 564.0 846.0 564.0 676.8 846.0 423.0 564.0 676.8 846.0 966.7 
S0 supply Powder (dosed once a day) Pumped in suspension from a feed canister Powder (dosed twice a day)  
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3. Results and discussion 
3.1. Colonization of carriers by the S0-oxidizing denitrifying population 
ADBIOS was initially maintained in duplicate MBBRs filled respec-
tively with K1 and Z-200 biofilm carriers with fed-batch operation 
(Section 2.3.1). The nitrate removal rate increased from 30.1 (±2.5) to 
73.0 (±12.0) mg NO3− -N/L⋅d, whereas NO2− -N accumulation varied 
between 0 and 85.7 (±10.7) mg/L during the enrichment phase (data 
not shown). The DO was equal to 0.5 (±0.1) mg/L, which is slightly 
above the maximum level of 0.5 mg/L for effective autotrophic deni-
trification (Christianson et al., 2015; Wang et al., 2016). The tempera-
ture was maintained at 30.4 (±0.3) ◦C, which is within the optimal 
range of 30–35 ◦C (Kostrytsia et al., 2018a). At the end of the 6-month 
enrichment (Section 2.3.1), a microbial community capable of simul-
taneous NO3− -N removal and biogenic S0 oxidation to SO42–S colonized 
the biofilm carriers (Section 3.4.2), resulting in an attached concentra-
tion of 0.14 (±0.07) and 0.020 (±0.005) g TSattached/L (data not shown) 
in the MBBRs with the K1 and Z-200 biofilm carriers, respectively. 
3.2. ADBIOS performance with the two different biofilm carriers under 
increasing nitrate loading rate 
The ADBIOS performance in the MBBRs operated with the two 
different biofilm carriers was compared by increasing the nitrogen 
loading rate (NLR) from 75.0 to 257.1 mg NO3− -N/L⋅d (Fig. 1). 
3.2.1. Days 0–92: biosulfur supplied daily in the form of powder 
During the first 92 days, the HRT was gradually reduced from 72 to 
24 h and biosulfur was supplied daily in the form of powder at an S/N 
(g/g) ratio of 3.76 (Table 1). During the first 29 days of continuous 
MBBR operation, the effluent NO3− -N concentration fluctuated between 
50 and 200 mg/L, as similarly reported for other S0-based denitrification 
studies (Sahinkaya et al., 2014; Wang et al., 2016) At an HRT of 72, 48 
and 36 h, a complete denitrification was achieved with the effluent 
SO42–S concentration remaining stable at approximately 580 mg/L in all 
MBBRs and was similar to the theoretical value for complete NO3− -N 
degradation, according to the stoichiometry proposed by Mora et al. 
(2015) (Fig. 1d). However, when further decreasing the HRT to 24 h 
(day 77–91), the NO3− -N removal efficiency dropped to 58 (±7)% and 
resulted in a NO2− -N accumulation of 96 (±20) mg/L and a reduced 
SO42–S production (Fig. 1a–b, d, day 84–91) was observed. Decreasing 
the HRT to 24 h promoted a quick wash-out of the biosulfur that was 
confirmed by the reduced S0 concentrations in the effluents to 55 (±20) 
mg/L (Fig. 1c), and bacteria were thus exposed to lower S0 concentra-
tions of than those stoichiometrically required for complete denitrifi-
cation. Until day 92, NO3− -N removal resulted in acidity production 
with the pH dropping from 8.5 to 6.9 (±0.3) in the MBBR effluents 
(Figure S3a), which corresponds to what was observed in a previous 
study on S0-fueled denitrification (Sahinkaya et al., 2015). The ORP in 
the MBBRs was between − 63 (±7) and +16 (±8) mV on average, and 
DO concentrations remained below 0.07 mg/L (Figure S3). 
3.2.2. Days 92–206: continuous supply of S0 as a suspension 
On day 92, the HRT was increased up to 36 h to recover the system 
from the unstable operation in the previous phase (Fig. 1a and b, day 
77–91). Simultaneously, the biosulfur dosage strategy was changed to a 
continuous supply of S0 as a suspension from a feed tank at an S/N (g/g) 
ratio of 3.76 to continuously provide, and retain, sufficient electron 
donor in the denitrifying MBBRs. At the 36-h HRT, effluent NO3− -N 
concentrations decreased, and varied between 31 and 65 mg/L (Fig. 1a, 
day 92–130), whilst the accumulated NO2− -N fluctuated between 60 
and 147 mg/L (Fig. 1b, day 92–130), resulting in a higher SO42–S pro-
duction of up to 448 (±176) mg/L (Fig. 1d, day 92–130). 
From day 130–144, a stable MBBR operation was reached with 
NO3− -N removal efficiencies of 84 (±6)%, NO2− -N accumulation up to 
52 (±14) mg/L and a SO42–S production of 593 (±7) mg/L. Further 
decreasing the HRT to 30 and 24 h (i.e. increasing the NLR to 180.0 and 
225.0 mg NO3− -N/L⋅d) resulted in NO2− -N build-up to 128 (±3) mg/L 
from day 144–151 (Fig. 1b). Subsequently, complete NO3− removal 
occurred between days 152 and 166 (Fig. 1a), likely due to a lower in-
hibition of denitrifiers at lower NO2− -N concentrations (below 60 mg/L) 
(Wang et al., 2016). 
At the 24-h HRT (day 166–194), NO3− -N removal efficiencies in the 
MBBRs varied between 62 and 100% (Fig. 1a) with a NO2− -N accumu-
lation up to 169 (±3) mg/L (Fig. 1b) and the SO42–S production fluc-
tuated between 163 (±3) and 411 (±28) mg/L. On days 194–206, 
relatively stable effluent concentrations of 33 (±9) mg NO3− -N/L, 140 
(±3) mg NO2− -N/L and 274 mg SO42–S/L were achieved in the MBBRs. 
Despite reaching a nitrate removal efficiency of 85 (±5)%, NO2− -N 
concentrations above 60 mg/L were observed. NO2− -N accumulation 
could most likely be ascribed to an elevated Nar activity compared to the 
nitrite reductase (Nir) activity, as similarly reported previously (Wang 
et al., 2016) and confirmed by microbial analysis in Section 3.4.2. 
A continuous supply of S0 as a suspension (days 92–206) from a feed 
tank resulted in lower NO3− -N removal and SO42–S production as well as 
a higher NO2− -N accumulation (Fig. 1a–b, d). This was explained by a 
lower S/N ratio than the stoichiometrically predicted one since the 
Fig. 1. Performance of the MBBRs performing ADBIOS: (a) NO3− -N concentrations in the effluents and feed; (b) effluent NO2− -N concentrations; (c) S0 concen-
trations supplied to each MBBR and S0 concentrations in the effluents; and (d) SO42–S concentrations in the effluents and the theoretical SO42–S productions. The 
average values of the MBBRs with K1 (MBBR1 and MBBR2) and Z-200 (MBBR3 and MBBR4) supports are plotted. 
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supplementation of biosulfur in suspension through peristaltic pumps 
led to clogging of the tubing. Thus, an intermittent supply of sulfur due 
to tube clogging resulted in either no or insufficient amount of sulfur 
effectively reached the reactors to support denitrification. This was 
confirmed by reduced S0 concentrations in the effluents in a range of 
0–190 mg/L (Fig. 1c). At the 24-h HRT (days 166–206), the effluent 
SO42–S concentration was similar to the theoretical value for denitrifi-
cation, except day for the 170 to 206 period, when its value was up to 
35% lower than that suggested by stoichiometry (Fig. 1c–d). This 
discrepancy might be attributed to either the heterotrophic denitrifiers 
being active in the environment with an insufficient amount of sulfur for 
autotrophic denitrification or sulfate-reducing microorganisms using 
organics from bacterial lysis as electron donor (Section 3.4.2) (Kostrytsia 
et al., 2018a). 
During the experimental phase when biosulfur was dosed continu-
ously as a suspension (days 92–206) (Table 1), the instability of ADBIOS 
was also reflected by the noticeable fluctuations of the environmental 
parameters measured in the MBBR effluents. In particular, the effluent 
pH varied between 6.5 (±0.2) and 7.8 (±0.1) (Figure S3a). DO con-
centrations increased to 0.34 mg/L (Figure S3c), and the ORP was be-
tween − 124 (±8) and +42 (±3) mV (Figure S3b), which is in the 
optimal ORP range of − 100 to +50 mV for S0-driven denitrification 
(Sahinkaya et al., 2015). 
3.2.3. Days 206–309: biosulfur supplied twice a day in the form of powder 
To discount kinetic limitation of the denitrifying community and 
guarantee an enough amount of biosulfur, an HRT of 48 h was used 
again on day 206 and biosulfur was supplemented in the form of powder 
(at an S/N (g/g) ratio of 3.76 twice daily as powder directly to the 
MBBRs). A complete NO3− -N degradation was rapidly obtained. Sub-
sequently, a stepwise HRT reduction from 48 (day 206–223) to 36 (day 
223–247) and 30 h (day 247–264) also resulted in complete NO3− -N and 
NO2− -N removal (Fig. 1a-b), except for a few NO2− -N peaks at the 
beginning of each operational phase, i.e. on days 212–214, 226–235, 
and 249. Simultaneously, SO42–S production (Fig. 1d) was in accordance 
with the stoichiometry proposed by Mora et al. (2015). 
At an HRT of 24 h (day 264–309), complete NO3− -N and NO2− -N 
removal was achieved in the MBBRs with K1 (Fig. 1a-b). However, 
despite a 100% NO3− -N removal efficiency by the MBBRs with Z-200, a 
NO2− -N accumulation up to 54 mg/L (Fig. 1b) resulted a slightly lower 
SO42–S production relative to the stoichiometry (Fig. 1d). The denitri-
fication potential was considerably enhanced by supplementing bio-
sulfur in the form of powder and increasing the S0 dosage frequency. 
Therefore, such twice-daily, direct biosulfur dosage allowed for suffi-
cient biogenic S0 for denitrifiers (Fig. 1c) and a complete NO3− -N 
removal with longer and more stable MBBR operation was achieved. 
Thus, the S/N ratio was shown to be the main factor controlling NO2− -N 
accumulation as also previously observed for chemically synthesized S0- 
driven autotrophic denitrification (Kostrytsia et al., 2018b). On days 
280–309 (at an HRT of 21 h), all MBBRs achieved NO3− -N removal ef-
ficiencies of 90 (±2)% (Fig. 1a) with significant NO2− -N accumulation 
up to 180 (±7) mg/L (Fig. 1b) with consequentially lower biosulfur 
oxidation and reduced SO42–S production up to 309 (±25) mg/L 
(Fig. 1d). Elevated NO2− -N concentrations are most likely due to a 
higher Nar activity compared to the Nir activity, as reported previously 
(Wang et al., 2016). From day 206 onwards, the effluent pH was equal to 
6.6 (±0.3) (Figure S3a), the ORP fluctuated between − 138 (±9) and − 7 
(±4) mV (Figure S3b), and the DO was maintained below 0.1 mg/L 
(Figure S3c) in all MBBRs. 
3.3. Carrier type influences the biomass and sulfur retained in the biofilm 
To examine the overall performance of the ADBIOS process in the 
MBBRs, the evolution of the mass retained in the biofilm and attached 
onto the K1 and Z-200 carriers was evaluated (Fig. 2). The mass con-
centration of biofilm onto the Z-200 carriers reached a 4.8 times lower 
final value, i.e. 0.26 (±0.11) g TSattached/L, compared to that for K1 
carriers (Fig. 2). This is likely attributed to the pre-defined grid height of 
the Z-200 carrier, which determines a maximum biofilm thickness of 
200 μm, and the open design resulting in higher internal fluid velocity 
and induced shear (Piculell et al., 2016). In contrast, K1 carriers (with 
10-mm diameter and 7-mm length) do not have such a pre-defined limit 
for biofilm thickness and are also less exposed to shear (Ødegaard et al., 
1994). To investigate the effect of the hydrodynamic behavior on the 
working performance of the reactor in more detail, a tracer study and 
numerical simulations are recommended for future research, as similarly 
done by Wang et al. (2021). 
Nonetheless, despite having a significantly lower mass of biofilm 
(Fig. 2), the MBBRs with Z-200 carriers supported similar nitrate 
removal rates to those achieved in the MBBRs with K1 carriers (Section 
3.2). This is likely attributed to the microbial communities being similar 
on both the K1 and Z-200 carriers (Procrustes analysis and Mantel test in 
Section 3.4.1 and Table S2). Simultaneously, the MBBRs operated with 
the classical K1 carriers tolerated better HRTs lower than 30 h, as also 
indicated by the lower NO2− -N accumulation compared to the Z-200 
MBBR. This could be explained by a relatively stable microbial com-
munity being formed in the MBBRs with K1 carriers over time in contrast 
with the MBBRs with Z-200 carriers (Section 3.4.2 and Fig. 5). 
A significant inactive or inert fraction was present in the biofilm 
grown on the K1 carrier during the entire MBBR operation and part of 
the supplemented biogenic S0 was retained in the biofilm (Fig. 3a). 
Freeze-drying of samples of the biofilm attached onto the carriers prior 
to scanning electron microscopy (SEM) and Raman spectroscopic anal-
ysis is known to crystalize biosulfur (Kamyshny et al., 2009). Thus, SEM 
images show that the surface of the microbial cells in the biofilm was 
covered with crystals (indicated by the star in Fig. 3). EDS spectra 
showed a relative atomic percentage of approximately 15.2 (±1.8)% 
and 9.5 (±0.7)% for sulfur (S) onto K1 and Z-200 carriers, respectively. 
In addition, the biofilms on both carriers contained 75 (±8)% carbon 
(C), 10 (±5)% oxygen (O), and less than 1% chlorine (Cl) and calcium 
(Ca). Raman spectra of biogenic S0 inclusions showed no peaks other 
than those of elemental sulfur with a ring configuration and ortho-
rhombic (S8) crystalline structure (Fig. 3). S8 is the most thermody-
namically stable form of S0 and is typically formed at neutral pH (Meyer, 
1976), which was maintained inside the MBBRs in this study 
(Figure S1a). This is in accordance with Guo et al. (2019), who 
confirmed that nearly all the reduced sulfur was stored as S0 inclusions 
in the sludge of a sequencing batch reactor (SBR) used for sulfur-driven 
Fig. 2. Concentration (g TSattached/L) of mass of biofilm attached onto the K1 
and Z-200 carriers used in MBBR1-MBBR2 and MBBR3-MBBR4, respectively, 
and photographs of representative carriers sampled on days 0, 63, 77, 144, 206, 
223 and 280. 
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denitrification and phosphorus removal of a synthetic saline waste-
water. However, the microbiological analysis (Section 3.4.2) did not 
show the presence of bacteria belonging to the Helicobacteraceae family, 
which were suggested previously to be the hydrolytic biomass capable of 
solubilization chemically-synthesized S0 (almost water insoluble) for 
denitrification (Kostrytsia et al., 2018a). Therefore, in studies on 
biosulfur-driven denitrification in both MBBRs (this study) and batch 
microcosms (Kostrytsia et al., 2018c), the absence of bacteria belonging 
to the Helicobacteraceae family was observed, suggesting a direct 
bioavailability of biosulfur for the denitrifying bacteria in the MBBRs. 
3.4. Carrier type affects the diversity, structure and activity of the 
microbial community 
3.4.1. Diversity of the bacterial communities 
The difference within (alpha diversity) and between (beta diversity) 
each microbial community, as well as the effect of environmental pro-
cesses (environmental filtering) on selected microbial communities, is 
shown in Fig. 4. The richness (Alpha diversity) of the active portion of 
the microbial community (cDNA-based OTUs) was lower than for the 
total community (DNA-based OTUs) in both biofilms growing on the K1 
and Z-200 carriers. In addition, the active community members had very 
high the nearest taxa (NTI) to net relatedness index (NRI) (much higher 
than 2), indicating a clustered phylogeny, imply a strong influence of 
environmental pressure. This was further confirmed by observing the 
cDNA-based microbial communities clustered closely on PCoA plots 
(unweighted Unifrac plot, Fig. 4). 
Despite having little commonality in terms of abundance of domi-
nant taxa (Bray-Curtis PCoA plot), the active microbial communities 
shared similarity in terms of phylogeny within each carrier type (un-
weighted Unifrac PCoA plot) (Fig. 4). Phylogeny had more impact than 
abundance for microbial communities of each carrier type 
Fig. 3. SEM micrograph, EDS and Raman spectra of the biofilm growing on the (a) K1 and (b) Z-200 carriers sampled on day 280 from MBBRs. Stars indicate the 
points where EDS spectra were obtained. 
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Fig. 4. Diversity measures for a) K1 (K) and b) Z-200 (Z) carriers using both DNA and cDNA samples colored according to the day of MBBR operation. For envi-
ronmental filtering, stochastic and deterministic nature of communities using NRI and NTI were investigated. For Principal Coordinate Analysis (PCoA), ellipses 
represent 95% confidence interval of the standard errors, and where the DNA and cDNA profiles come from the same samples, points are connected with dotted lines. 
Fig. 5. The comparison of the microbial 
communities between those being present 
(DNA-based) and active (cDNA-based) for 
each type of biofilm carrier (K1 and Z-200) 
in order to evaluate the stability of microbial 
community overtime. (a) and (c) are heat-
maps showing the core cDNA microbiome at 
a minimum of 85% prevalence for biofilms 
onto K1 and Z-200 carriers, respectively; and 
(b) and (d) show the references tree (grey) 
and the differential heat trees with the 
colored branch representing the dominant 
OTUs either in the DNA or cDNA samples 
taken at the known day of MBBRs operation.   
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(Environmental Filtering plot) (Fig. 4). Therefore, in view of the envi-
ronmental filtering (NRI/NTI) and PCoA (unweighted Unifrac) results, it 
is likely that specific clades were selected. In addition, the Procrustes 
analysis illustrated that at DNA level both K1 and Z-200 biofilms have a 
very high correlation (R = 0.981 with p = 0.001) in terms of phylogeny 
(unweighted Unifrac). This means that at DNA level the same species 
were present on both the K and Z carriers, although they differed in 
abundance (lower correlation in terms of Bray-Curtis distance) 
(Table S2). Hence, at DNA level the microbial communities followed the 
same trend for the K1 and Z-200 MBBRs and could be considered similar 
(Mantel test). However, at the cDNA level K1 and Z-200 biofilms 
demonstrate temporal similarity only in terms of abundance (R = 0.953 
with p = 0.042) (Table S2). 
3.4.2. Microbial community structure and activity 
The core microbiome (DNA-based), where genera persisted in 85% of 
the samples for the K1 and Z-200 carriers, included Thiobacillus, 
Moheibacter, Truepera and Arenimonas at the DNA level (Figure S4), 
suggesting that these bacterial groups play an important role in the 
ADBIOS process. Other genera comprising the core microbiome were 
identified at varying abundances within K1 and Z-200 biofilms 
(Figure S4). However, at cDNA level the abundance of Arenimonas was 
significantly lower for both types of carriers. Instead, Bryobacter and 
Limnobacter for K1 carrier, and Aquamicrobium and Propionicicella for Z- 
200 carriers, characterised the core microbiome. Thiobacillus (based on 
DNA studies) is usually detected as a dominant group in sulfur-based 
autotrophic denitrification (Kostrytsia et al., 2018c; Wang et al., 
2016). Truepera and Moheibacter (affiliated with the family Xanthomo-
nadaceae) were detected in previous ADBIOS batch experiments using 
the same inoculum sludge as in this study (Kostrytsia et al., 2018a). 
Microorganisms belonging to Truepera possess Nar, Nir, nitric oxide 
reductase (Nor) (KEGG PATHWAY: tts00910) and sulfur oxidizing (Sox) 
(KEGG PATHWAY: tts00920) enzymes. The presence of the Moheibacter 
genus was positively correlated with NO3− , but not NO2− degradation 
(Kostrytsia et al., 2018c). Bacteria within the Arenimonas genus 
(belonging to family Xanthomonadaceae) have been enriched previously 
in denitrification bioreactors (Wang et al., 2020). Bacteria within the 
Propionicicella taxa can use both NO3− and NO2− to perform heterotro-
phic denitrification (Kostrytsia et al., 2018a). Species related to deni-
trification within the Aquamicrobium genus have previously been 
enriched in the anoxic denitrification systems (Wang et al., 2020). 
Within the core microbiome of the K1 biofilm, the same genera were 
abundant in both DNA and cDNA samples, implying that most of the 
microorganisms present within biofilms (Figure S4) were those per-
forming metabolic activities (based on cDNA data) (Fig. 5b). In addition, 
a relatively stable microbial community was formed in MBBR1 and 
MBBR2 (Figure S4). The K1 carrier is designed to develop biofilm in the 
inner part of the cylindrical-shape carrier, which is not subjected to 
direct collision with other carriers and, thus, protected from hydraulic 
shear. This likely helped MBBRs with the K1 carrier to develop a thick 
biofilm with a relatively stable microbial community over time. 
Furthermore, this may be associated with the better performance of 
MBBR with K1 compared to that of MBBR with Z-200 (Section 3.2). 
In contrast, distinct genera, including Propionicicella, Variovorax and 
Bosea, were shown to be active in Z-200 biofilm (Fig. 5) though less 
abundant (Figure S4). Bacteria within the Bosea genus are capable of 
NO3− reduction coupled to the Sox pathway (KEGG PATHWAYs: 
bos00920, deq00920 and ctt00920; Wang et al., 2020). The bacteria 
belonging to the Variovorax genus have been reported in previous 
S0-based denitrification studies (Gao et al., 2017; Hao et al., 2017). 
Moreover, the microbial community varied significantly over time in 
MBBRs with Z-200 carriers (Fig. 5). This is likely caused by the novel 
AnoxK™ Z-carrier being designed to allow the biofilm to grow only on 
the carrier surface, but in a protected environment thanks to the pres-
ence of a grid of defined height. However, due to scouring from other 
carriers (abrasion), such biofilm cannot grow higher than the grid 
height, and so biofilm thickness is controlled. The diffusion of the sol-
uble substrates (nitrate, biosulfur and nitrite) would be easier through 
the thin Z-200 biofilm, in contrast to the thicker biofilm developed onto 
K1 carriers. But, the presence of a thinner biofilm results under varying 
operating conditions led to a more frequent turnover of the species 
colonizing the biofilm, as revealed by the significant variation over time 
of the active microbial community (cDNA-based) in MBBRs with Z-200 
carrier. 
Thermomonas and Pseudomonas (affiliated with family Xanthomona-
daceae), Opitutus, Nitratireductor and Variovorax genera were abundant 
on days 144 and 206 and rarer on other sampling days, on K1 and Z-200 
biofilms (Figure S4a), and were associated with process failure: signifi-
cant NO2− -N accumulation (above 60 mg/L, see Section 3.2) resulting in 
reduced NO3− -N removal rates (Fig. 1a). These genera were also a part 
of the core microbiome, and were more abundant in the K1 versus Z-200 
biofilm. Microorganisms belonging to the Xanthomonadaceae family are 
capable of NO3− and NO2− respiration using organic products from cell 
lysis as electron donors (Xu et al., 2015). In addition, bacteria within the 
Thermomonas genus were predominately selected by NO2− -N (up to 240 
mg/L) reduction with biogenic S0 (Kostrytsia et al., 2018c). Bacteria 
within the Opitutus genus possess the complete set of genes encoding 
both denitrification and ammonification pathways (Espenberg et al., 
2018). The bacteria belonging to the Nitratireductor genera are capable 
to degrade both NO3− and NO2− and were detected previously in 
ADBIOS batch experiments (Kostrytsia et al., 2018a). Microorganisms 
belonging to Variovorax possess Nar and Nor (KEGG PATHWAY: 
vpd00910) and Sox (KEGG PATHWAY: tts00920) enzymes. 
The active members (cDNA-based analysis) of the microbial com-
munity that were relatively more abundant on day 206, comparison 
with day 63, were also associated with process failure: significant NO2− - 
N accumulation (above 60 mg/L, see Section 3.2) resulting in reduced 
NO3− -N removal rates (Fig. 1a). Only three bacterial taxa were identi-
fied as upregulated in the cDNA (higher in the cDNA than in DNA) on 
day 206 in the K1 MBBR (Fig. 5), including Desulfobacteraceae, Fla-
vobacteriaceae and Anaerolineaceae. Desulfobacteraceae are capable of 
SO42− reduction (KEGG PATHWAYs: dat00920). Microorganisms 
belonging to the Flavobacterium genus, being a part of the core cDNA 
-based microbiome of the K1 biofilm in this study, are capable of het-
erotrophic denitrification (Drysdale et al., 1999) and have Nir and Nor 
enzymes (KEGG PATHWAY: fjo00910). The bacteria belonging to 
Anaerolineaceae taxa possess the Nir enzyme (KEGG PATHWAY: 
tro00910). 
In contrast, eight taxonomical groups were identified as upregulated 
on day 206 in comparison to day 63 (Fig. 5) for MBBRs filled with Z-200, 
including a few genera belonging to Alphaproteobacteria (Ochrobactum, 
Shinella, Bosea, Aquamicrobium, Aminobacter and Nitratireductor), the 
Limnobacter genus and the Ignavibacteriaceae family. The above- 
mentioned taxa are part of the core microbiome (cDNA-based) of the 
Z-200 biofilm and convert both NO3− and NO2− to N2. Limnobacter, 
Shinella and Aminobacter were detected in reactors supplied with 
reduced sulfur compounds (including biosulfur) treating NO3− and 
NO2− pollution (Christianson et al., 2015; Kostrytsia et al., 2018c). 
Ignavibacteriaceae have recently been identified as associated with 
S0-based autotrophic denitrifying processes and tolerated NO2− -N con-
centrations up to 240 mg/L (Kostrytsia et al., 2018a). Some denitrifying 
bacteria within the Ochrobactum genus have evolved NO2− tolerance 
mechanisms and can degrade up to 1800 mg/L NO2− -N (Doi et al., 
2009). Therefore, based on cDNA samples, different microbial groups 
were associated with process failure for K1 and Z-200 biofilms. This is 
likely explained by easier diffusion of the soluble substrate like NO2−
through the thin Z-200 biofilm, in contrast to the thicker biofilm 
developed onto K1 carriers. 
3.5. Engineering significance of ADBIOS in MBBRs 
ADBIOS could be effectively maintained (i.e. NO3− -N completely 
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removed without NO2− accumulation) in MBBRs operated at an HRT as 
low as 24 and 30 h with K1 and Z-200 carriers, respectively. Under those 
conditions, the highest nitrate removal rates were approximately 225 
(±11) mg/L and 180 (±7) mg NO3− -N/L⋅d in the MBBRs operated with 
K1 and Z-200 carriers, respectively. These values were 10.7 and 8.6 
times higher for K1 and Z-200 biofilm carriers, respectively, compared 
to the highest NO3− -N removal rate of 20.9 mg/L⋅d obtained in batch 
experiments using suspended biomass (Kostrytsia et al., 2018c). 
High removal rates were also promoted by the hydrophilic properties 
and smaller particle size of biosulfur (Findlay et al., 2014) as well as the 
MBBR characteristics, which enhance the contact between substrates 
and microorganisms compared to other treatment systems used for 
S0-based autotrophic denitrification (Lemaire et al., 2013). 
Similarly, studies on autotrophic denitrification with chemically 
synthesized S0 in packed-bed reactors (PBR) achieved nitrate removal 
rates of 100–400 mg/L⋅d at HRTs of 0.5–26 h (Simard et al., 2015; Ucar 
et al., 2020), typically with incomplete NO3− removal. In addition, the 
high concentrations of S0 in such non-thoroughly mixed systems as PBRs 
increased S2− production as a result of S0 disproportionation or SO42−
reduction (Sierra-Alvarez et al., 2007). S2− is an environmental and 
industrial pollutant because of its toxicological effects even at low 
concentrations (Sahinkaya et al., 2011). Contrarily, during the ADBIOS 
process investigated in this study, the influent biosulfur concentration 
was only 1.5 times higher than the stoichiometric value for complete 
denitrification (Fig. 1c), and the use of the MBBR technology allowed a 
complete mixing and homogenously anoxic conditions in the reactors, 
thus hampering the probability of S2− production. Thus, the S2− con-
centration in the MBBR effluent was below the detection limit of 0.5 
mg/L (data not shown). Besides, throughout the MBBR operation, 
neither SO32− nor S2O32− were detected in the effluent (data not shown). 
Higher nitrate removal rates (up to 800 mg NO3− N/L⋅d with HRTs as 
low as 5 min) were observed in fluidized-bed reactors (FBRs), due to the 
absence of clogging and a better mass transfer of NO3− to the S0 parti-
cles, despite the higher energy demands and physical size for bed 
fluidization (Christianson et al., 2015). Recently, Ucar et al. (2020) 
investigated biogenic S0-oxidizing membrane bioreactors (MBRs) per-
forming autotrophic denitrification of drinking water at HRTs of 6–26 h 
and reported complete denitrification with a nitrate removal rate of 286 
mg NO3− N/L⋅d. Nonetheless, membrane fouling was described as an 
important drawback of the set-up. Therefore, this study highlights the 
reliability of the MBBR technology in maintaining ADBIOS, provided 
that biosulfur is properly dosed and a sufficiently high HRT is used, 
opening new perspectives for the treatment of nitrate contaminated 
wastewaters with low C/N ratio. 
Based on the results of this study, it is recommended that biosulfur is 
supplemented periodically in the form of powder. When supplying 
biosulfur as suspension from a feed canister, an intermittent supply of 
sulfur due to tube clogging would cause either no or insufficient amount 
of sulfur effectively dosed to the reactors to support denitrification. An 
automatic biosulfur dosage would be easy to implement at larger, e.g. 
industrial scale, systems to supply the required (equal to stochiometric 
value) quantity of biosulfur to minimize the chances of wash out. 
Despite MBBRs with both K1 and Z-200 carriers showed similar 
NO3− removal rates, MBBRs with K1 carriers had lower NO2− -N accu-
mulation, higher mass of biofilm and developed a relatively stable mi-
crobial community over time. The higher shear stress onto the Z-200 
carrier due to its open design and direct collision with other carriers 
resulted in a thinner biofilm being developed onto Z-200 carriers. 
Therefore, a better diffusion of the soluble substates would be observed 
onto Z-200 carriers. But, the presence of a thinner biofilm results under 
varying operating conditions led to a more frequent turnover of the 
species colonizing the biofilm, as revealed by the significant variation 
over time of the active microbial community (cDNA-based) in MBBRs 
with Z-200 carrier. 
In contrast, biofilm growth in the inner part of the cylindrical-shape 
K1 carrier resulted in its protection from hydraulic shear and 
development of thicker biofilm with partial substrate diffusion. There-
fore, any further increase in biofilm thickness would not benefit the 
ADBIOS process due to 1) reduced biofilm area, 2) potential anaerobic 
zones causing S2− production by sulfate-reducing bacteria, and 3) 
increased weight of the carrier (Boltz and Daigger, 2010). Specifically, 
uncontrolled biofilm growth might be associated with a higher level of 
inorganic inclusions, including biosulfur, as observed for the K1 biofilm 
in this study. 
4. Conclusions  
• Complete denitrification with biogenic S0 supplied twice a day in the 
form of powder was achieved in the MBBRs operated with AnoxK™ 1 
(K1) and Z-200 carriers at nitrogen loading rate of 225 and 180 mg 
NO3− -N/L⋅d, respectively.  
• The MBBRs operated with the classical K1 carriers better tolerated 
HRTs lower than 30 h, as also indicated by the lower NO2− -N 
accumulation observed than in the Z-200 MBBR. 
• Despite having the same protected surface area for biofilm devel-
opment in each MBBR, the mass of biofilm attached onto the K1 
carrier reached a 4.8-fold higher value than that on the Z-200 carrier, 
with part of the biogenic S0 retained in the biofilm. 
• While being similar at DNA level, at cDNA level K1 and Z-200 bio-
films demonstrate temporal similarity only in terms of abundance (R 
= 0.953 with p = 0.042) with phylogenic distances being not similar.  
• A relatively stable microbial community was formed in MBBRs with 
K1 carrier over time, while the active microbial community (cDNA- 
based) varied significantly over time in MBBRs with Z-200 carriers  
• Based on cDNA samples, more microbial groups were associated with 
process failure for Z-200 than K1 biofilms, including the Limnobacter 
genus and a few genera belonging to Alphaproteobacteria and Igna-
vibacteriaceae families. 
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